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[57] ABSTRACT 

Light emitting systems are immobilized on a support to 
provide a loc^ized, concentrated release of light that 
increases the sensitivity of detection systems when as- 
saying bio-materials. A preferred immobilized tight 
emitting system contains an oxidoreductase and lucifer- 
ase bound to glass beads that are attached to an elon- 
gated g;iass rod. 
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._■ ■ ■ (^eniical systems which emit electromaKnetic radiation 

IMMOBOUZED LIGHT EMirnNC? SYSTEMS upon the reaction of the system components one 

^i^ec ^ . ^ whethcT T not the reaction requiries a cata- 

CaiOSS-REFTOENCT^ lyst. whereby at least ne product is yielded which was 

ATfLJCATiON 5 npt a cocpiponent f the unreacted system. 

This application is a contmuation-m-part of copend- electromagnetic radiation produced by biolumi- 

ing application Ser. No. 750»436, filed Dec. 14, 1976, nescent reaction systems is, directly proportional to the 
now abandoned. amount of the reaction Hmiting component available for 

BACKGROUND OF THP iMVRMTinM , a *he reaction. By way of iUustration, hght is 

BACILGROUND OF THE INVENTION 10 produced when tiie enzyme, luciferase. acts to oxidize 

The present invention relates to biochemical diagnos- the substrate, fire-fly luciferin, in the presence of co-fac- 
tic and assay methods and more specifically to the de- tor» adenosine triphosphate (ATP) and oxygen. The 
termine of very small quantities of chemkal species reaction may be summarized: 
involved in life processes, e.g., enzymes and enzyme 
substrates, antigens and antibodies, etc. This invention , 
specifically relates to those analytical methods in which Ludfcm + atp + Oj ""'"^ > o«dized Luciferin 
a chemical species to be determined, generally a bio- "** tf^^ " ml^ 

material, is coupled through intermediate reactions or i-iGHT + 0O2 

reacts directiy in an electromagnetic signal-generating w/u^A^n- -1 ^ 1. 
8y8teminwhiditiiefipecies,orit8progenyintiiecaseof ^ Wh^ Badenodne monophospha^^ 
intermediate reactions, is converted into an end product disgiosphate. The oxidation of each luciferin molecule 
with tfie concomitant release of electromagnetic ladia- ^f^^. quantity of Kght, witii the total Hght 

tion. yield being directiy proportional to the number of mole- 

Life processes mvolve a staggering variety of bio- ?^ oxidized. Thus, a measurement of the light yield 
chemical reactions, aU interrelated, and occurring eitiier ^ "««<»tes we numberofluciferin, ATP, or oxygen mole- 
simultaneously, or in carefully regulated sequences. entering into the reaction, depending upon which 
Many processes that may bvolve relatively massive ^^-^^ components is in molar excess, or the activ- 
amounts of materials, e.g. metabolic processes, may, m catalyst, ludferase. 

turn, be regulated by minute amounts of bio-materials, ^ ^ ^^ast abundant species, then the reaction 
c.g. enzymes or hormones. In otiicr instances, malfunc- 30 cease whoi all the ATP is used up; or, if oxygen is 
tions acid/or diseases of the organism may release ex- 'east abundnant, then when all the oxygen is used 

tremely small amounts of biomaterials ftom their nor- ^P* ^ sazne token, the activity of the luciferase can 
mal environments intb other systems of the organism* ^ ascertained, if its activity is the limiting factor in the 
The detection and quantification of these biomaterials, reaction process. The most accurate and complete re- 
both in their normal envijconment and in abnormal envi- 35 suits are obtained by ensuring a molar excess of all the 
ronments can yield a great amount of information con- components of the bioluminescent system other than 
ceming the fimctioning of both major and minor sys- the one of unknown concentration or activity to which 
terns in the organism, and can indicate system malfunc- the assay is directed. 

tion and/or disease, as well as invasion by foreign bod- Similar considerations apply in the use of the bacte- 
ies such as bacteria or viruses. Such a bio-material is 40 rial luciferase system for analysis of diemical species, 
thus generally defined as any ^emical compound e.g. bio-materials. Here, bacterial luciferase catalyzes 
found in living organisms. the oxidation of reduced flavin mononucleotide with 

In recent decades, various techniques have been de- . oxyjgen m the presence of a long carbon chain aldehyde 
veloped for determhung very sniall quantities of bipma- to yield light, among other products. This system is 
terials. These techniques may utilize, for instance, radio- 43 typically employed to determine reduced flavin mono- 
active tracer techiiiques, fluorometric techniques, col- nucleotide. The flabin mononucleotide may be the 
ored dye development, bioluminescencQ, chemflumines- product of a reaction or soics of reactions in which the 
cence, eta Such techniques depend on inherent charao- flavin mononucleotide is eventually produced in a quan- 
teristics of the materiids of interest that give rise to tity that is du^y proportional to a chemical species 
signals that can be detected on suitable instrumentation; 50 reacted at the first of the series. For example, dehydro- 
or by combining or associating materials that generate^ genases such as fiavb mononudeotide oxidoreductase 
or can be induced to generate such signals, with the will oxidize the reduced from of nicotine adenine dinu- 
molecttlar species of interest cleotide, which in turn may be produced by other dehy- 

The particular analytical technique to which this drogenases, to reduced flaving mononucleotide. The 
invention specifically rdates involves electromagnetic 55 product flavin mononucleotide is then employed as the 
radiation generating reactions, more particularly those Ihniting component hi the bacterial luciferase system. 
. electromagnetic radiation generating systems in which The light so generated is a measure of the original re- 
light is produced either by the reaction of a bio-nuiterial duced nicotine adenine dinucleotide. A multiplicity of 
with a protein or by the enzyme-potentiated reaction of reactions of this nature may be coupled together to 
the material with a second chemical species. Such 60 yield a product which is determinable by a biolumines- 
systmes derived from living systmes and which mvolve cent reaction. As a consequence, any chemical species 
proteins, including enzymes, are deiSned herein as biolu- which can be reated to eventually yield a stiochiometri- 
minescent reactions. Thoy have been extensively dis- cally equivalent quantity of ATP or reduced flavin 
cussed in tiie ht^ture. For example, see Johnson et al mononucleotide may be assayed, respectively, by the 
in Photophysiohgy, Vol. 7, pages 275-334 (1972). The 65 fire-fly and bacterial luciferase systems. The prior art 
sources f reagents for such reacti ns as well as purifi- has employed the foregoing bioluminescent reactions in 
cation techniques for the reagents are well known. By qualitative or quantitative coupled and direct assays, 
"electromagnetic radiation generating" applicant means For example, see Hammerstedt, "Analytical Biochemis* 
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try" 52:449-455 (1973); BroUn et al.; ''Ahalytica] Bio- wherein at least one bioluminescence generating corn- 
chemistry" 39:441-453 (1971); and Mansberg, U.S. Pat ponent is concentrated and imm bilized on a solid sup- 
N . 3,679,312. In th se cases where these assays have port 

heietof re been conducted in a liquid environment all It is still another object f the invention to c valently 

of the reagents were in solution and thus distributed. 5 bond bacterial hidferase and flavin mononucleotide 

horn geneously throughout ^ xidoreductase: enzymes while retaining sufficient en- 

When assaymg for very low quantities of chemical zyme activity to employ the enzymes in assays, 

species, or very low activities of enzymes* the quantity It is an additional object of the invention to provide 

of electromagnetic radiation generated by processes an article for introducing at least one component of a 

such as noted above* is correspondmgly small. In addi- 10 chemiluminescent system kto a liquid environment 

tion, since the reactions have heretofore been carried without loss of said component into the environment 

out in solution, the radiation emitting components are It Is a fhrther object of the mvention to eliminate the 

dilute and the radiation is emitted throughout a.volume variation in chemiluminescent an bioluminescent assays 

whereby the radiation intensity is lower than if high performed in a liquid environment which is opaque or 

concoitrations of reagents could be employed. Tlds 15 variably opaque to the electromagnetic radiation gener- 

adversely affects the assay senstivity. In addition, the ated by said chemiluminescent and bioluminescent sys- 

larger and more opaque the volume of tiquids, the terns or wherein the walls of the liquid container are 

greater is the possibility of self-absorption of the emitted irregular. 

radiation before it can leave the solution and be de- Other objects and advantages of the invention will 

tected by suitable instrumentation. Finally, prior tecbh 20 become apparent from the following description and 

niques measure the radiation as lig}it emitted , from a claims appended hereto. 

transparent container. However, irregularities m the £i¥ti.jwa n^r , ,p nj^u-o j^ixj u.^. 

container waU will scatter the light unpredictably, tiius SUMMARY OF THE INVENTION 

introducing variation mto the assay. The foregoing objects are achieved in prior art ana* 

Another detriment of conducting electromagnetic 25 lytical processes in sAach a chemical species is assayed 
radiation assays in solution is the loss of costiy reactants by reacting said species, with an electromagnetic radia- 
such as, for instance, enzymes and co-enzymes. Gener^ tion generatihg system distributed substantially homo- 
ally, there is no simple means of recovering such materi- geneously throughout a reaction environment, fallowed 
als firom solution, and they must, therefore, be discarded by detection of the generated radiation as a measure of 
and replaced by new reactants for each successive as- 30 said species. In the present invention, the prior art ana- 
say, lytical processes are improved by immobilizing at least 

In order to conserve costiy enzyme maffrials and one oomponoit of the electromagnetic radiation gener- 

recover them for subsequent use, it has become well ating system within a localized region of the reaction 

known in the art to immobilize various enzymes to environment Hence, the generated radiation is concen- 

insoluble support membexs or to one another so that the 35 trated at a single point or region of emission rather than 

material is not lost or leached into solution during the throughout this entire environment in which the leac- 

reaction processes. See, for instance, U.S. Pat Nos. tioh takes place. 

3,925,157 to Hamsher; 3,93a950 to Royer; 3,959.079 to „ ^„ i^t,o^t«t^«vt ^= 
Mareschiet al; 3,542.662 to Hicks et al. au of which ^^^^™,S^^?JSr 
describe various means and materials for attachiug en- 40 INVENTION 
zymes to support materials. H. H. Weetall has reviewed The electromagnetic radiation generating component 
the chemistry of enzyme immobilization in "Analytical is generally immobilized on a support which is insoluble 
Chemistry" Volume 46, pages 6Q2A et seq., (1974) and m the reaction environment, oridinaTily liquid solutions, 
the ^>plications of immobilized enzymes b^ been db- and particularly aqueous solutions. However, the com- 
cussed in "Analytical Chemistry,'* Volume 48, pages 45 poAent may be treated to render It Insoluble without the 
544A et seq. (1976). The prior art has, however, not use of a support, for example, by polymerizing the corn- 
disclosed immobilizing bioluminescent proteins such as ponent It is preferred to bond the conq>onent to the 
the luciferasiss so that they can be recovered from the support in such a Dashion that the component will only 
test solution and used over. Similarly* it is heretofore leach into solution in insignificant quantity. This is 
unknown to immol^lize flavin mononucleotide ozidore- SO highly important in ensuring the reliability of the assays 
ductase. ^ when using an inunobilized component over a multi- 

w^^^^^^^^r pKdty of tests . since otherwise the net activity of the 

OBJECTS OF TOE INVENTION ^^«nt in the test wfll decrease steadily wcr »se. 

It is an object of the invention to immobilize onto a and the results so obtained will change unless standards 

solid support at least one component of an electromag- 55 are prepared with impractical frequency. Of course, this 

netic radiation generating bioluminescent system. loss in activity would also lower the sensitivity of the 

It is another object of the invention to provide a assay. Hence^ it is preferred to covaientiy bond the 

method for concentrating and intensiiying the electro- component to the support 

magnetic radiation emitted during the course of chemi^ In the case of the bacterial ludferase system, for ex- 

lummescence. 60 ample, FMN can be msolubihzed upon a support ao- 

It is still another object of the hivention to immobilize cording to the method of Waters et al; "Biochem. Bio- 

and concentrate bioluminescent systems that emit visi- phys. Research Comm.'* 57 (4):1152-1158 (1974). Ihave 

ble light during reaction with suitable substrates in a found that such insoluble FMN can be reduced by 

liquid environment FMN oxidoreductase acting upon reduced pyridine 

It is yet another object of the invention to provide 65 nucleotide. The insolubilized, reduced FMN will in 

methods f r assaying very small quantities of chemical turn participate in the rdinary soluble bacterial lucifer- 

spedes by coupling said specif or reaction products ase system. However, just as in the case of tnsolubilized 

from said species, with bioluminescent reactions, ludferase, light b released only at the site of the insdu- 
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bilized reduced FMN. In sum, the 1 calized. concfen- sUble ver extended periods of use; and they are trans- 

trated release f light which forms the basis of this parent to the emitted radiation, 

mvention is best obtained by oovalently banding one or The por us glasses are available in the form of fmd 

more of the electromagnetic radiation generating sys- loose beads. F r the purp ses f the inventi n, it is 

tem components to an insoluble supp rt 5 desirable t imm biHze the component onto tods r 

The means f attachment to the support may be any sticks in order to concentrate and localize the emitted 

one f a number of known methods tluit have b^ used radiation to the greatest extent possible. The immobili- 

to immobilize enzymes and similar bio-materials. It is zation of the component m rod form also facilitates 

only necessary that the attachment procedure does not insertion of the immobilized component into standard 

hnpair the functionality of the immobilized component lt> cuvets.. 

It is also advantageous to have as much as possible of Chemical species not directly hivolved in the radia- 
the component concentrated on the surface of the sup- producing reacion may also be assayed through 
port materia] so that, (1) it will be readily accessible to reaction coupling techniques as described above 
the other reaction components, and (2) the emitted wherein the product of one reaction is utilized as a 
radiation will not be masked or absorbed by the support reactant in a subsequent reaction. A final reaction prod- 
material. Radiation transparent support materials, such utilized as an essential and limiting reactant in the 
as glass, are particularly suitable and are preferred for radiation producing reaction to determine the control 
use in the invention procedures. amount and intensity of radiation emitted from the 
The support material is most conveniently in the form reaction. The concentration or activity of the orig- 
of rods, strips or shnHar shapes that may be immersed ^ species can then be calculated from the radiation 
mto reaction solutions, and easily handled, cleaned, and the final reaction. 

stored for subsequent use and re-use. Ifthe mMnobihzed radiation generathig component is 

It is most usual in the case of biolummescent systems • ^-l*^ ^ chemical revcrsibiUty to its form prior to 

to hnmobilizc enzymes, smce they are susceptible to „ radiatoo^^ 

multiple reuse and are, most gcncraUy. the cosdicst f^^**^'^ 99^^ f »^ 
component of the biolumincscent systems. Enzymes 'J!^!?^::!^,^' ^S*" "^^^ ^ co«izym^ and en- 
may be immobilized and insolubilized by suitable weU- '^^"^^ ^« ^^^^ ^"^^ 
known techniques. An extensive review of such tech- '^n'l^^S ^u^"^^'^"^ u 
niquesaswdUssupportmaterialsissetforthin«Meth. .nS'nl^'^?^!'.^ 

ods hi Enzymology'rAcademic Press, 1974. appUed to vanous ^es of electromagnetic radiation 

T^e^^ nS beld^ from a lar^^^^ of f««[at|ng. systems, Biolumm^cent s^tems such as the 

* . o-FF"" owcwwa* Mwui a mific iiumuw u* fife-fly lucifenn-lucifcrase-ATP reaction or the bacte- 

matenkb- Th^ rial luciferase reaction involving flavin coenzymes are 

abihty to inmiobihze or *fix' a component of tiie elec- particukrly adaptable to the present techniques. The 

tromagneuc radiation generatmg 35 bacterial lucifcrase system is additionaUy valuable m 

icd or chemical bonding mwns without (2)mtcrfenng that they are readUy coupled to oxidorcductase reac 

wththcactijityofthe"^^^^ tions, especially those utilizing nicotinamide adenine 

should also (3) be capable of umnobihzmg or concen- dinucleotide (NAD+), and/or nicotinamide adenme 

tra^g a relativdy large amount of the component over dinucleotide phosphate (NADP+), which at« involved 

as limited a surface of volume as possible. Thus, it 40 in a great number of bio-systems. The fire-fly luciferin- 

should have a high surface concentration of bindtog ludferase reaction is also especially valuable since it is 

sit^ Also, it is desirable to use porous or convoluted readily coupled to the ATP coenzyme producing sys- 

S"™^^ . terns that arc broadly involved in bio-energy transfer 

A great number of materials are smtable, among systems, 

which arc synthetic organic polymers such as acrylics, 45 Similarly, chemiluminescent systems may be readily 

polyacrylamides, polyacrylic acids, methacrylates, sty- employed in the method of this invention. For example, 

renes. nylons, etc.; carbohydrate polymas such as Se- luminol can be entrapped within or covalentiy bound to 

phadex, agarose such as sepharose, and derivatives; all an insoluble matrix and then used m a conventional 

types of cellulosics, including cellulose products and assay for oxidizing agents such as hydrogen peroxide, 

their derivatives; and miscellaneous materials such as 50 Again, the emitted light is generated m the same reac- 

silicas, insoluble proteins, clays, resins, starches and the tion that is used to detect and Indicate the chemical 

like. However, the preferred materials are those materi- species being tested for, and the light is generated in a 

als that are optically transparent and interfere to a mini* highly concentrated form at a localized pomt with the 

mum extent with the transmission of the dectromag- reaction environment 

netic radiation generated from the immobilized compo- 55 The basic principles of the invention may be better 

ncnts "fixed" upon their surface. understood by considering the following specific detec- 

Among the carbohydrate polymers, a derivative form tion system: 

of agarose with active' groups, or "covalcnt linkage A number of bacterial species, e.g,. Photobacterium 

arms", of N-hydroxy sucinimide ester has been found fisheri, Photobacterium phosphoreum, and Beneckea 

particularly suitable. Such agarose is available under the tic harveyi, are known to generate visible Ugbt It has been 

names of "CH-Sepharose 4B** from Pharmacia Chemi- determined that this light generation involves the spe- 

cals and "Affi-Od" from Bio-Rad Laboratori^. cific reaction of the bacterial enzyme, luciferase, with a 

Porous glasses, especially those of the aryhunine or co-factor, flavin monoucleotide (commonly £d>brevi- 

alkylamine types available from Coming glass, Biolbgi- ated, FMS) to produce light, 

cal Products Div., are highly suitable for use as support 65 More specifically, the li^t producing reaction oc- 

materiaL Such porous glasses react with the enzymes curs when ludferase catalyses the oxidation of the re- 

that comprise bioluminescent systems t provide dnced form of ' co-factor, flavin mononucleotide, 

strong, nonlieaching covaJent b nds; they are inert and FMNH2, t the oxidized form. FMN, in the presence of 
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a iong chain aldehyde substrate and xygen. The reac- to shattering. The addition of about 15% glycerol in- 

tion may be written: creases the stabUity f the glass rods during storage, but 

without any effect on enzymatic activity, 

bacterial . ■ : ; • Yhc same inunobiiization technique may be employed 

RCHO + iFMNHj + 102 ^^^^"^ > 2 FMN + RCOOH + ^ for Other Woluminescent enzymes, and proteins. 

Hz02 + H3O + UQHT In rder t conduct an assay,, the rod with immobi- 
lized luciferase is dipped into a solution containing all 

Where RCHO may be any long chain aldehyde having the other components or reactants necessary to produce 

from about 8-14 cari>on atoms. Decanal, tridecanal, the radiation generating reaction except for the species 

dodecanal, undecanal, etc. are suitable aldehydes for the being assayed. The species is provided, if at all, by the 

substrate. test sample^ Since at least one of the essential compo- 

The light emitted in the reaction is directly propor- nents is immobilized on the support, the radiation gener* 

tional to the number of molecules undergoing reaction; ating reaction takes place directly on the support sur- 

Mcasurement of the emitted light, therefore, indicates face. It is, therefore, only necessary to enclose the reac- 

the least abundant molecular species present as the sub- 15 jjQ„ mucture and immersed rod within the confines of a 

strate or cofactor, or should the luciferase be the reac- photometer sample chamber while the radiation gener- 

tion limiting factor, then the light emitted is an indica- ating reaction takes place. All of the soluble compo- 

tion of the enzyme's activity. nents can be combined, the sample chamber closed and 

The bacterial luciferase is immobilized on arylamine ^ the rod immersed, whereupon a flash occurs, Altema- 
porous glass beads. The beads have been previously 20 ^^^^^^ J3 preferred to immerse the rod in soluUon 
glued on aito gtess rod. A^V suitable glue material is ^hich is complete butrfor one or more leagents, or 
used to tightly adhere the beads to the rod. A standard ^^^^ followed by closing the sample chamber. Addi- 
epoxy glue IS useful for this^rpose. The lucifera^ is j^e missing reagent or the sample wfll then pro- 
coupled tothe porous glass beads ^ a (Mazotoa- ^ ^^^^ ^^^^^^ ^^^^ ^ 

Brieflylthe high silica porous glasses contain nitor- ^ion emitted m«»sures the qmmtity of 

aryl groi^ formed by the mide coupling of nitrobenz- ^ol^^^ species necessary for the radiation emitting 

oyl diloride thereto. The nitroaryl aJe tlin reduced to 30 or alternately, the activity m the case of en- 

amino-aryl groups by either sodium dithibnitc or ^Vnies or other ca^ytic matends. 

LiAlHz. The aminio-aryl group are activated by diazo- J^e radiation which is emitted by the test system of 

tization to provide coupling sites for the luciferase. the Jjs myenUon may be dc^ 

luciferase in a buffered aqueous solution (pH7) is then P'® ® Photometer. This highly accurate and sensitive 

placed into contact with the beaded rods for 16 hours to 35 instrument is oonvenienUy employed with the niethod 

effect coupling of the enzyme to the porous glass. The ^ article of this invention. The instrument is equipped 

excess, uncoupled enzyme is then washed from the rods ^'^^ reaction chamber that holds cuvets for the reac- 

and the rods are stored in buffer solution at reduced as well as ports for the injection of various compo- 

tcmperature for subsequent use. If carefully handled. sample is contamed hi the mstrument 

and thoroughly rinsed afler each use, the rods with the 40 Suitable apparatus is also commercially avaUable for 

immobiliz«l luciferase may be reused an indefinite num- recording the radiation output detected by the photom- 

ber of times without significantly affecting the enzyme ^^r. 

activity. Turning to the fire-fly luciferase reaction discussed 
It has recently been surprisingly discovered that di- above, fire-fly luciferase requires ATP for the Ught 
thiothreitol a component for maintaining enzyme activ- 45 emitting reaction. ATP, in turn, is a universal energy 
ity during enzyme purification and storage, should pref- source is a vast number of a bio-reactions, and its pres- 
erably be removed during immobUization of the en- cnce, or absence, in such systems is a unique measure of 
zymes. Failure to remove dithiothreital during enzyme many bio-reaction reactants and products, 
unmobilization greatly reduces the enzume activity Typical ATP producing systems are, by way of illus- 
recovered after immobilization. Thus, enzymes to be 50 tration; sugar synthesis systems wherein phosphenol 
immobilized, such as luciferase, may be dialyzed pyruvate in the presence of co-factor adenosome di- 
against, fl>r example, 0, 1 M potassium phosphate at pH phosphate and the enzyme pyruvate kinase yields pyru- 
7, for about 16 hours to remove the dithiothreitol prior vate and adenosine triphosphate (ATP). Other systems 
to immobilization. are muscle contraction systems, wherem creatine phosr 
Additionafly, it has been found that an initial incuba- 55 phate is converted into creatine while its co-factor 
tion storage of the immobilized enzymes, suich as upon adenosine diphosphate converts to ATP in the presence 
rods, in a buffer solution for about 24 hours at a reduced of the enzyme, creatine phosphokinase ATP assays can 
temperature of about 4"* C, is preferably followed by also, for instance, be useful in determining bacterial 
storage at about —20' C. Upon storage at about —20" content in urine, waste products, wine, beer, milk, and, 
C. there is a stow but significant increase in immobilized 60 in general, biomass measurements. Hence, the measure- 
enzyme activity with time which peaks at about 7 to 10 ments of ATP in any bio^ystem can be utilized as a 
days. The immobilized enzymes are then very stable measure of ATP co-factors, substrates, and related en- 
during storage at about —20" C., may be used a number zymes. , 

of times, and refrozen several times. The immobilized It has been noted before that ATP is a CQ-enzyme in 

enzymes arc stable at room temperature during use. 65 the light producing, luciferin-luciferase reaction. As a 

Thawing and refreezing of the. support for. the immobi- consequence, the light generated from a tuciferin-lucife- 

lized enzymes, when such support is a. glass rod, may rase reaction will assay ATP quantitatively wherein the 

weaken the glass supports and the rods may be subject ATP is the limiting component in the reaction and qual- 
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itativdy, otherwise. An assay of ATP, in turn may be 
used to calculate the abundance f chemical species 
which yield r metabolize ATP. 

In a similar manner* the bacterial ludferase reacti n 
may be coupled back to a vast number of bioreacdons. 
Consider the following c upled reacti ns: 



Bio-material to be assayed + NAD (or NADP) (1) 

^ NADH (or NADPH) + Product 

NADH (or NADPH) + FMN (2) 
NAD: FMN OXIDOREDUCTASE 

^ 

r-FMNHj + NAD (or NADP) 15 

RCHO + FMNHj + Oz 0) 

ImmobQized 

Bacterial Luciferase 

^FMU + RCOOH + H2O + HjOj + LIGHT 

Where NAD refers to nicotinamide adenine dinucleo- 
tidei NADP refers to nicotinamide adenine dinucleotide 
phosphate, and NADH and NADPH ar the reduced 
forms, respectively. FMN, FMHNi RCHO» and 
RCOOH have been defined hereinbefore. 

Reaction (3) has been set forth before and defines the 
bacterial luciferase light producing reaction that is mea- 
sured according to the principal method of the inven- 



-continued 

gincose dehydrogenase 

)3-o-glucose + NAD (or NADIO ^ 

D-gIucane-&>lactone + 
NADH (or NADPH) 
3*a-faydrojiy steroid dehydrogenase 
androatcrone + NAD (or NADP) ^ 

andrDstanc-3. 17-dione + NADH (or NADPH) 
cortisoiie reductase 

2(mihydrocortisone H- NAD 



pyridoxin + NADP 



cortisone + NADH 
pyridoxin dehydrogenase 



pyridoxal + NADPH 
mannito] dehydrogenase 



mannitol + NAD 



fructose + NADH 

adehyde dehydrogenase 

aldehyde + NAD + H2O ^ 

acid + NADH 



Many other similar NAD or NADP co-factor reac- 
tions are known and the above are merely illustrative. 

In any event, it is clear that a great number of bi- 
oreacdons produce NAD or NADP in the reduced 
state. If such reactions (1) are coupled into the 
NAD:FMN oxidoreductase or NADP:F\fN oxidore- 
ductase reaction (2), it is apparent the FMNH2 will be 
produced in accordance with the quantity of NADH 
(or NADPH) available from reaction (1). 
If the FMNH2 produced by reaction ^) is thereupon 
tion. Reaction (2) is an oxidation-reduction reaction introduced into reaction (3). the bacterial luciferase 
which is catalyzed by the NAD:FMN oxidoreductase 30 reaction, the hght produced thereby wil be pro^ 
*u-*:„^u.«:.-.j u..i, ' .i.^.r — ^ KiM»«,j««^»«* to the onguial quanuty of pyndine nucleotide; and 
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that is obtained by known methods from bioluminescent 
bacteria such as Beneckea harveyi. For example, the 
oxidoreductase is separated from the bacterial luciferase 
during the purification thereof by well-known chro- ^ ^ 
matographic techniques. Thus, when luciferase is puri- 
fied by chromptography on DEAE-Sephadex, the re- 
ductase elutes before the luciferase and may be col- 
lected as a separate fraction. Reaction (1) is any of a 



original quantity of pyridin 
hence, to the dehydrogenase enzyme or its substrate 
which is to be determined. 

Coupling the radiation producing reaction into pre- 
cursor reactions as noted above leads to a variation of 
the immobilization procedures of the invention. Specifi- 
cally, it is often advantageous to concentrate and immo- 
bilize two or more essential components for a series of 
reactions on a single support member. Such technique 



large number of bio-reactions in which NAD (or 40 permits the direct coupling of reactions of the types (2) 



NADP) are necessary co-factors. A few examples of 
such NAD or NADP requiring reactions are: 



Alcohol + NAD (or NADP) 



aluohol dehydrogcirase 
^ 



adehydes + NADH (or NADPH) 
butanediol dchydrogcnue 



2,3-Dutanediol + NAD 



ftcetoin + NADH 
glycerol dehydrogenase 



glycerol + NAD 



dihydroxyacetone NADH 
D-xylulose reductase 



»ylUol + NAD (or NADP) 



(L-iylulose redtttnase) 
D-xylul(Kte (L-xylulose) + NADH 
galacUtol dehydrogenase 



golactilol + NAD 



D-tagolose -I- NADH 
glucuroiuUe dehydrogenase 



L-gluconatc NADP 



D-glucuronale + NADPH 
aldoiie reductase 



aldhol -f NADP 



aldose + NADPH 
glyoxylale reductase 

glycnIUUc + NAD ^. ^ 

glycixyhile + NADH 

lactate dehydn)gcnasc 



L-ltciale -i NAD 



pyruvate k NADH 
nutlaie dchydnigcnasu 
L-malate 4 NAD ^ oxaloacctalc 



NADH 



and (3) noted above. 

In such a technique, the desired FMN oxidoreductase 
is immobilized on the same support as the luciferase. 
This yields the additional advantage of this invention 
45 that the highly oxidation labile FMNH2 yielded by the 
NADH-FMN reaction is produced in extremely close 
proximity to the luciferase and thus, it is directly and 
immediately available to enter into the luciferase reac- 
tion. Manipulative steps are thereby reduced and losses 
SO or spurious re-oxidation of the FMNH2 by the sample 
components or contaminants arc avoided. In such spe- 
cialized uses, dehydrogenases, for example, can also be 
bound to the support. 
The following example will illustrate a double immo- 
55 bilization of two enzymes on a single support. 

EXAMPLE 

10-15 mgs. fine beads of activated arylamine glass 
were glued to 1.7 mm. diameter glass rods 4 cm. long. 

60 The glass rods were first dipped into Duro E-Pox.E 5 
glue and then rolled into the porous glass beads. The 
rods and adherent beads were allowed to dry overnight. 
The luciferase and reductase enzymes (isolated from 
Beneckea harveyi) were mixed in the mtio of 1 mg. 

65 luciferase to 2.5 mgs. reductase of which 0.5 ml. aque- 
ous solution was contacted with the rods and activated 
beads for 16 hours. The solution was buffered at pH 7.0 
with O.IM phosphate. The rods were then washed with 
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25 mis. cold IM sodium chl ride followed by 100 mis. 
cold distilled water to rem ve any unbound enzyme 
The rods were then incubated overnight in \% bovine 
serum albumin (BSA) in the phosphate buffer contain- 
ing 5X10"*M dithiothreitoi (DTT). The rods were 
then stored in ph sphate buffer containing the same 
amount of DTT at 4* C. 

The bound enzymes were assayed, and Table I below 
give typical results for the bindmg of the enzymes to the 
porous glass beads and their apparent activities. 

TABL E I 

BINDING OP LUCIFERASE AND FMN: 
REDUCTASE TO GLASS RODS 
FMN 
Re- 
duction 
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10 



IS 





Luct- 


unmoles 


Coupled 




feiBse 


NADH 


ftssay 




ReUUve 


Oxid. 


Rdative 




Ught 


per ml 


Light fflSB. Protdn 




Units/ml 


per min 


units/ml ml 


(A) Ori^nal 


7J0 X 10* 




4^ X 10^ 2J6 


Mixture 


^3 


(B) Supernatant 


2 X 10* 


.100 


2 X ]0« 1.25 


(QRods 


2.5 X I03 


xna 


1.2 X 10* 1.31 


% of Rods 








Apparent 








Activity 


0^% 


ICS 


3i) 51 
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the cuvct which was mixed for 1 minute intervals, then 
removed and the OD 340 measured. This assay was 
linear for at least 3 minutes. • 

The coupled assay was measured by peak light inten- 
sity btained following injecti n f NAD(P)H into 0.5 
ml of O.IM phosphate buffer pH 7.0 containing 7.5 ug 
reductase, 5 ug luciferase, and 2.3xlO-«M FMN and 
0.0005% decanal. When the inunobQized enzyme was 
being as^yed, the rod was immersed in the solution 
containmg FMN and aldehyde. NAD(P)H was mjected 
into the solution. 

The immobilized enzymes exhibited linearity in peak 
light intensity as a function of cither NADH or 
NADFH concentration. Linearity with NADH was 
obtained in the range of IXIO-^^ moles to 5X10-* 
moles, and for NADPH in the range of 1 X 10 1 1 moles to 
2x10-7 moles. The bound enzymes were stable and 
reusable. 

As an additional embodiment of the invention, it is 
known to detect bacteria in fluid samples through the 
reaction of iron porphyrins, such as, peroxidase, cyto- 
chrome, catalase in microbial cells» with luminol (5- 
amino-2, 3-dihydro-l, 4-phthalazine-dione) to produce 
visible light. See, for instance. Picciolo, et al, Goddard 
Space Flight Center publication X-726-76-212. dated 
Sept 1976, entitled "Applications of Luminescent Sys- 
tems To Infectious Disease Methodology", pages 69 et. 
seq. 

In such systems chemiluminescene is produced by the 
reaction of luminol with hydrogen peroxide in aqueous 
alkaline solution in the presence of an oxidizing activat- 
ing agent such as ferricyanide, hypochlorite, or a che- 
lated transition metal such as iron or copper. In the 



(A) Enzymatic activities of a mixture of soluble 
ludferasereductase prior to coupling to the beads, origi- 
nal mixture. (B) After the coupling procedure the mix- 
tare was again assayed, supernatant (C) The amount of 
activity associated with the rods was also assayed. The 
percent of activity as assayed on the rods was based on 

the initial total activity in the original mixture. Lucifer- . . . , ^ , ^, . , -.- 

ase was assayed by mjection of FMNH2. FMN:Reduc. 35 ^!f^ detection system, the iron poiphynns are con- 
tase was assayed by disappearance of absorbance at 340 ^^^^t *^ activators for luminol chemUummescence. 
nm and the coupled assay Is the light obtained upon ^ chemnummescent system is adaptable to the 

iiuection of NADH. However, as previously, hereinde- "™ °f mvcnUon by concentratmg, localizmg 
scribed, the amount of activity associated with the rods unmobihang the lummol on suitable support mate- 

(c) may be increased by removal of dithiothreitoi during 40 "als. TTie lummol may be absorbed on a support mate- 
immobilization, and by storage at about -20* C for 7 to ^ ^ previously referred to herein. 
10 days. localized immobilized luminol, will generate a 

The CTzymes, both those in solution and those immo- concentrated Ught emission upon the activator-cat- 
bilized on the porous glass were assayed as follows: AH reaction with hydrogen peroxide. This emission 

soluble enzyme assays were preformed at 23" C Lucif- 45 be conventionally detected using the aforemen- 
erase was assayed by injection O.lcc FMNH2. catalyti- tioncd photometer as a measure of activator, hence 
cally reduced with H2 over platinized asbestos, into a bacterial, presence. 

solution containing luciferase, decanal and 0.1% BSA in Although the description, supra, discloses and de- 
0.1M phosphate buffer pH 7.0. Final concentration of scribes a number of specific examples of the methods 
the reactants were: 2.3 X 10-5 m FMNH2 and 0.0005% 50 and techniques of the present invention, it will be under- 
decanol and 0.08 ug luciferase per ml. Light intensity stood that the invention is not be limited thereby. All 
was measured in an Amino Chem-Olo (g)L Photometer extension or variations of the invention as will be appar- 
and recorded on an Aminco Recorder. The peak inten- to those skilled in the art are considered to be en- 

dty was linear with respect to addied ludferase in the compassed by the invention disclosed herein and in 
range of 0.08 ug to 8 ug per ml using this instrument 55 accordance with the cldms appended hereto. 
Immobilized luciferase was assayed using the same con- What is claimed is: 

centrations of substrates. The rod containing the glass 1- A product useful for comprising: a non-reactive 
beads was placed in a test tube in the photometer and elongated rod having an insoluble enzyme retaining 
FMNH2 was ii^ected. material attached thereto, said enzyme retaining mate- 

Soluble FMN:reductase was assayed by measuring 60 rial being porous glass beads; an oxidoreductase enzyme 
the rate of disappearance of absorption at 340 nm in a immobilized on said enzyme retaining material; and 
Gary Model 14 recording spectrophotometer. The reao- luciferase enzyme also immobilized on said enzyme 
tion was initiated by adding NADH to 1 ml of 0.015 M retaining material. 

phosphate buffer pH 7.0— containmg 7x 10-5 M ethyl- 2. The product of claim 1 wherein said oxidoreduc- 
enediamine tetraacetic acid, 0.4 mgs reductase and 65 tase enzyme is FMN oxidoreductase, and both said 
FMN. Final concentrations were 2X10-^M NADH, enzyme retaining material and said elongated rod are 
1.3xl0~"^M FMN. When the immobilized enzyme was substantially transparent to light detectable by a pho- 
assayed the rod containing the enzyme was dipped into tometer. 
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3. A product useful for assaying bio-mateiials com- 
prising: a non-reactive elongated rod having an insolu- 
ble enzyme retaining material attached thereto, said 
enzyme retaining material being an agarose with N- 
hydroxy succinimide ester arms thereup and said 5 
elongated rod being glass; an xidoreductase enzyme 
immobilized on said enzyme retaining material; and 
luciferase enzyme also immobilized on said enzyme 
retaining material. 

4. The product of claims 1 or 3 wherein aatd enzyme 10 
retaining material has a high surface concentration of 
binding sites at which said enzymes are immobilized* 
and said immobilized enzymes are in intimate proximity 

to one another on said enzyme retaining mat^ial. 

5. An assay method for chemical species that enter IS 
into enzymatic reaction with MAD or NADP as a oo- 
fiEu:tor to produce NADH or NADPH and one product 
thereof, comprising providing an elongate support 
member having porous glass beads affixed thereto, hn- 
mobilizhig an FMK oxidoreductase on said glass beads, 20 
also immobilizing bacterial luciferase on said glass 
beads, contacting said elongate support member and the 
immobilized FMN oxidoreductase and bacterial lucifer- , 
asc with an aqueous solutioh including the NADH or 
NADPH, FMN, a long chain aldehyde, and oxygen, to 25 
thereby effect a reduction of FMN to FMNH2 and the 
oxidation of NADH or NADPH to NAD or NADP by 
the FMN oxidoreductase, and the subsequent reoxida- 
tion of the FMNH3 to FMN by the bacterial luciferase 

to generate light proportional to the amount of 30 
FMNH2 reoxidized, detecting and quantifying the gen- 
erated light to measure the amount of FMNH2 pro- 
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duced by the oxidation of the NADH r NADPH, and 
calculating therefrom the amount of chemical species 
necessary to produce the initial NADH or NADPH. 

6. An assay method for chemical species that enter 
into enzymatic reaction with NAD or NADP as a co- 
factor to produce NADH or NADPH and one product 
thereof comprising: 

providing a non-reactive elongated rod having an 
enzyme retaining material attached thereto, said 
rod and enzyme retaining material both being sub- 
stantially transparent to light detectable by a pho- 
tometer, said enzyme retaining material having 
immobilized thereon an FMN oxidoreductase en- 
zyme and a luciferase enzyme; 

immersing said elongated rod in an aqueous solution 
including said NAD or NADP, to thereby contact 
said hnmobilized enzymes with said solution; 

enclosing said aqueous solution and said immersed 
rod witMn a photometric sample chamber, and, 

detecting a generated light flash by a photometer, 
said light flash generated by adding said chemical 
species to said aqueous solution either during said 
immersing step or during said enclosing step. 

7. The assay metiiod as in claim 6 further comprising: 
removing said elongated rod from immersion m said 

aqueous solution; and, 
rinsing smd elongated rod with a solution sufficient to 
prepare said elongate rod for reuse, and simulta- 
neously retaining said immobilized enzymes on said 
enzyme retaining material of said elongated rod. 
* • ♦ * * 
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UNITED STATES PATENT AND TRADEMARK OFFICE 

CERTIFICATE OF CORRECTION 

PATENT NO. : 4,234,681 Page i of 2 

November 18, 1980 
Marlene A. DeLuca-McElroy 

It is certified that error appears in the above^'dentified patent and that said Letters Patent [ 
is hereby corrected as shown below: i 

\ 

Title of Invention should read IMMOBILIZED LIGHT EMITTING I 

SYSTEMS . 

Column 2, line 21, "disphosphate" should read diphosphate 

line 31, "abundnant" should read abmdant — . 

line 46 *'flabin" should read — flavin — , 

line 54 ^*f laving" should read — flavin — . 

Column 3, line 43 ^ after ^'Chemistry'' insert \ 

Column 4, line 43, ''oridinarily" should read --^ ordinarily — . 

ColvDun 5, line 40, ^'a surface of volume" should read — a surface 

or voltme — . 

Coltimn 6, line 17, "determine the control" should read 

determine and control — . 
line 59, "fisheri," should read — fischeri, — . 
line 63, "monoucleotide" should read mononucleotide- 
Column 7, line 28, "nitor^" should read nitro — . 
Colvmin 8, line 20, insert — a between "in" and "solution", 
line 46, "source is" should read — source in — . 
• lirtP SO, "phosphenol" should read — phosphoenol — . 
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Marlene A. DeLuca-McElroy 
It is certified that error appears in the above— identified patent and that said Letters Patent 
is heretjy corrected as shown Mow: 

Cohxaax S, line 51, "adenosoine" should read -- adenosine — , 

line 57, after "phosphokinase" insert -- . — ; 

line 60, "measurements" should read measurement — . 

Column 10, line 30, "wil" should read — will 

Column 11, line 45, "preformed" should read performed — . 

line 51, "decanol" should read — decanal 

Coltmm 12, line 22, insert contained — between "cdtalase" 

and "in". 

line 57, insert assaying bio-materials — betrween 
"for" and "comprising". 

Colimm 14, line 29, "elongate" should read — elongated --. 
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